INTRODUCTION
Reticulocytes lose their ribosomes within 36 h after entering the peripheral blood, although this maturation time may be almost doubled in conditions of erythropoietic stress (1, 2). During the maturation process, reticulocyte volume decreases by 20-30% and several studies have shown that cytoplasmic hemoglobin and membrane lipids are decreased in the same proportion (3, 4) . The two major lipids of the membrane, phospholipid and cholesterol, are both lost in parallel while changes in osmotic fragility confirm that membrane area is reduced (3) . Major alterations in membrane transport occur during this maturation process. Reticulocytes possess a Na+-dependent transport system for alanine and a-aminoisobutyric acid which disappears on cell maturation (5) . Active transport of Na+ is also lower in mature erythrocytes compared with reticulocyte-rich populations (6) , although cation inosine, hexokinase, and glucose-6-phosphate dehydrogenase were from Boehringer, Mannheim, W. Germany; iodoacetic acid and sodium iodoacetamide were from Eastman Kodak Co., Rochester, N. Y.; ATP, NADP+, and Tris-HCl were from Sigma Chemical Co., St. Louis, Mo.; and 45CaCl2 and 22NaCl
were from New England Nuclear, Boston, Mass.
[3H]-Ouabain, 5 Ci/mM ethanol-benzene solution, New England Nuclear lot no. 184-196, was evaporated to dryness under a stream of nitrogen and redissolved in 20-fold excess of unlabeled ouabain to give a stock solution of 10 juM ouabain in water of activity 12.5 ,ICi/ml. The exact concentration of ouabain was confirmed by spectrophotometric analysis with a molar extinction coefficient of 1.54 x 104 at the absorption peak of 220 nm. (7) . This stock solution was stable at 4°C for several months. Silica crucibles (high-form, 5 High-reticuilocyte blood donors. Patients were selected with peripheral blood reticulocytosis of 2.0-25% resulting f'rom chronic autoimmune hemolytic anemia, pyruivate kinase deficiency hemolytic anemia, chronic gastrointestinal blood loss, or during hematinic therapy of' a deficiency anemia. Patients with renal disease were excluded because of the inhibitory effects of uremic toxins on cation transport in the erythrocyte (8) . Likewise, patients withl liver disease, uintreated megaloblastic anemia, or alcoholism were exchided because of their increased erythrocyte size and sturf'ace area (9) . Sodium and Ca21 influix were studied simultaneously in 8 of the 20 patients with reticulocytosis while 12 patients were studied with only one flux measurement.
Preparation of erythrocytes. Venous blood was collected into heparin and erythrocytes were separated from leukocytes by thrice washing at 40C in a mediuim of composition 145 mM NaCl, 5 mM KCl, plus 20 mM imidazole Cl, pH 7.5. Care was taken to remove all buiffy coat since both leukocytes and platelets contain large amounts of calcium. This basic medium was used f'or all incubations since the imidazole buffer does not associate with added Ca2+ ions.
Reticulocyte enumeration. During washing of erythrocytes and removal of buffy coat uip to one-fourth of the reticulocytes may be lost. Therefore, the percentage of reticulocytes was always measured after washing. One drop of washed erythrocytes was mixed with three drops of autologous plasma and stained for 15 min with an equal volume of freshly-filtered 1.0% new methylene blue (10) . The number of reticulocytes in 1,000 erythrocytes was counted.
Calcium influx. Washed erythrocytes were depleted of ATP by preincubation for 90 min in medium plus 1 mM iodoacetate and 10 mM inosine (11) . The erythrocytes were then washed twice and added to prewarmed media of composition 145 mM NaCl, 5 mM KCI, 20 mM imidazole Cl, pH 7.5, plus 1.5 mM 45CaC12 (1 ,uCi/ml). Samples were taken after 15 min and after 1, 2, 3, and 4 h, and washed four times in cold 150 mM NaCl plus 1 mM Na EGTA. Each cell pellet was hemolyzed in 0.01 N NH40H, and part of the hemolysate was deproteinized with 6% (wt/vol) perchloric acid plus 1 mM Na EGTA and 45Ca21 in the supernate was measured by liquid scintillation counting. To Precauitions to excluide calciuim contaniinationi. Isotoniic NaCl and LiCl contain 1-4 ,uM Ca2 contaminant whicich was removed by filtering these soltutions throuigh al 8 x 1.5-cm column-lll of Chelex-100 ion-exchange resin (Bio-Rad Laboratories, Richmnond, Calif.). These soltutions and others used in Ca24 measuirements were stored in polypropylene bottles since both glass and some polystyrene andl polyethylene containers contribute small and variable amiiouints of Ca2+ to a soltution. Whlen Pyrex glassware wNas uised. it was acid washed and kept immersed in deioniized water uintil immediately before uise, when it was againl rinsed in deionized water. All crucibles had close-fittinig lids, and after combustion the lids were duisted free of ref'ractorv brick (lust bef')re opening. Recovery stuidies of Ca2+ added to crucibles anid dry aslhed at 5000C established that no significanit amotunits of Ca2+ were retained b-y the silica crtucibles. 45CaC12 (1.25, 2.5, 3.75, 5, and 74 iomlol) was added to crucibles, 5 ml of an erythrocyte hemolysate was added and the contenits were dry ashed and extracted in diluite acid as above. The recovery of 45Ca was estimated by liqtuid scintillation counting and was 81, 85, 86, 98, and 101%, respectively, for each of the above amouints of added Ca2 .
Sodium influx. This was measuired from the uiptake of radioactivity by cells incubated 10 and 20 min in media containing 22NaCl as described by Wiley and Cooper (12) .
Media always contained glutcose (10 mnM) plus ouiabain (50 ,uM).
ATP estimation. The cell stuspensioni was deproteinized with 2 vol of 0.6 N-perchloric acid, centrifutged at O'C, and the supernate adjuisted to pH [6] [7] with K2CO3. ATP in the netutralized extract was estimated spectrophotometrically by measuiring the redtuction of NADP+ by a coupled hexokinase-glucose-6-phlosphate dehydrogenase reaction.
Creatinie. This was meastured in a neuitr-alize(d perclhloric acid extract of washed cells (13) .
[3H ]OHtabain biniding to erytlhrocytes. Biniding of ouiabain was measured essentially as described by Hoffllmani (14) and Wiley et al. (15) . Washed 
RESULTS
Erythrocyte calcium concentrations. The mean calcium content of erythrocytes from six normal donors was 5.9+1.8 nmol/ml cells after four washes in a verified Ca2+-free medium. Identical values were obtained whether the medium was isotonic NaCl or LiCl or whether the chelating agent, EGTA, was present or absent (Table I ). The range of values obtained for replicate determinations on one individual is shown in Table I and usually fell within a twoor threefold range. The calcium content of erythrocytes from patients with a reticulocytosis (5.6-25%) did not differ significantly from normal (Table I) Calcium exchangeability. Erythrocyte Ca2+ exchanged with isotopic Ca2+ added to a physiological medium in which the cells were incubated at 37°C. This exchange was complete by 5 min since the uptake of isotopic Ca2+ was the same in samples taken at 5, 10, 15 and 60 min. Concurrent measurements of 45Ca2+ uptake by liquid scintillation counting plus total cell Ca2+ concentration by atomic absorption showed that isotopic Ca2+ exchanged with only a fraction of total cell Ca2+. Two normals exchanged 15 and 40% of their total Ca2t, while the patient with 25% reticulocytes showed an 88% exchange. This greater exchangeability of reticulocyte Ca2+ was studied by measurements of unidirectional Ca2+ influx.
Calciulm influx into normal erythrocytes. Unidirectional 45Ca influix was studied in erythrocytes depleted of ATP to inhibit the outward pumping of Ca2+ ions (11) . To deplete the ATP the washed erythrocytes were preincubated with 10 mM inosine plus either 1 mM iodoacetate or 5 mM iodoacetamide. These inhibitors were equally effective in combination with inosine since ATP fell from 1.2 ,mol/ml cells initially to less than 0.1 ,umol/ml cells after 90 min (Fig. IA) .
Cells were again washed and incubated without inhibitors in media containing 1.5 mM 45Ca2t ion. A rapid initial uptake of isotopic Ca2+ occurred within 15 min followed by a slower uptake which was linear between 15 min and 4 h (Fig. IB) . In cells depleted by inosine plus iodoacetate the initial uptake was 2.3 nmol Ca2+/ml cells and the linear phase averaged 0.8 nmol Ca2+/ml cells every hour to reach 5.4±+1.5 nmol Ca2+/ml cells after a 4-h incubation. Calcium uptake by cells depleted of ATP by incubation with inosine plus iodoacetamide was not significantly different to the values above (Fig. 1B) . Analysis of total Ca2+ in one experiment confirmed a net increase in this cation.
Calcium influx into reticulocytes. Calcium uptake is increased into erythrocytes from patients with a reticulocytosis. Cell suspensions with reticulocytes of 5.0 or 11.4% allowed approximately 6-or 10-fold greater Ca2+ uptake, respectively (Fig. 2) . Similar uptakes were obtained for the same cells depleted of ATP by three different combinations of inhibitors: inosine plus iodoacetate, inosine plus iodoacetate plus cyanide, or inosine plus iodoacetamide. The combination of inosine plus iodoacetate was chosen to deplete cell ATP for all subsequent studies. The greater Ca2+ uptake by reticulocytes was confirmed with blood from a normal donor. The erythrocytes were washed free of buffy coat and fractionated by centrifugation into reticulocyte-rich and reticulocyte-poor fractions (16) . Table II shows that the top fraction with 2.4% reticulocytes showed a twofold greater Ca2+ uptake than the reticulocyte-poor fractions.
Comparison of calcium and sodium influx. The large influx of Ca2+ into ATP-depleted reticulocytes suggests that the reticulocyte membrane is very permeable to this cation. Sodium influx was also measured in reticulocyte-rich cells for comparison with the Ca2+ fluixes. Fig. 3 shows that Na+ infltux was increased Calcitum Permeability of Reticulocytes in direct proportion to the percent reticulocytes present (r = 0.88, P < 0.001) and the influx was twofold normal for cells with 20% reticulocytosis. In contrast the Ca2+ uptake was elevated 11-fold normal in cells with 20% reticulocytosis (Fig. 3) . A linear relation existed between Ca2+ uptake and percent reticulocytes (r = 0.71, P < 0.01) although the regression line did not pass through the mean for normal erythrocytes. Calcium uptake showed no correlation with erythrocyte creatine which was measured in 12 reticulocyte-rich cell suspensions as an index of the mean erythrocyte age. Sodium influx was measured into erythrocytes both before and after depletion of ATP with iodoacetate plus inosine. No increase in Na+ influx was found in depleted cells in three separate experiments.
[3H ]Ouabain binding to reticulocytes. Reticulocytes bound more ouabain than normal cells and there was a direct relation between the number of ouabain molecules bound per cell and the percentage of reticulocytes present (Fig. 4) . Eight patients were studied with reticulocytosis between 4 and 20%, and the number of binding sites per cell increased about twofold over this range. Seven normal subjects gave a value 362±69 for the mean number of ouabainbinding sites per erythrocyte. One subject (C. S.) gave repeated values of 320, 326, 278, 332, and 322 sites/cell at intervals over 2 yr and other subjects also gave reproducible results.
Potassium influx. The ouabain-sensitive (active) component of K+ for normals-+ SD are shown for Na+ influx (upper rectangle) and Ca2+ uptake (lower rectangle). FIGURE 2 Calcium uptake by reticulocyte-rich erythrocytes, with either 11.4% reticulocytes (Retics.) (upper curve) or 5.0% reticulocytes (lower curve). Cells were depleted of ATP by preincubation with inosine plus iodoacetate (0), inosine plus iodoacetamide (0), or inosine plus iodoacetate plus cyanide (U). Uptake for normal erythrocytes +2SD is shown by the cross-hatching.
initial uptake is the same for either ATP-rich or ATP-depleted cells and its rate is one to two orders of magnitude faster than the subsequent uptake of Ca2+ by ATP-depleted cells. Such rapid kinetics suggest that the initial uptake is a distinct process from transmembrane Ca2+ movement and may represent an exchange of membrane 40Ca with 45Ca in the medium. The slow uptake of Ca2+ between 15 flulx ratio f;alls by a factor of about 7 as the :eticulocyte changes to an erythrocvte so that inaturation of' the reticiulocyte leads to a selective loss of Ca2; permeability. Several lines of' evidence suiggest that reticuilocytes lose their high Ca2+ permeability on matuiration rather than diuring erythrocyte aging. First, the Ca2-influtx correlates well with percentage of' reticuilocvtes ( Fig.  3 ) btut this flutx does not correlate with ervthrocyte creatine which reflects the ImleaIn cell age (13, 20) .
Second, when erythrocytes are separated by cenitrifuigation into fractions of varying ages, the fraction with old cells showed the same Ca2+ uiptake as the 1)1ulk of the red cell population. The mechanismn by which Ca2+ permeability is selectively lost is not known althouglh it may relate to the disappearanice of membranie proteins specific to the reticulocyte (21) . Absoliute values for the Ca2+ influx may be caleulated fromii the Ca2+ uptake ofATP-depleted erythrocytes (5.4 nmnnol/mIil cells per 4 h) assuming a surface area of' 134 inn2 and mean cell volume of' 85 fl (22) . For matiure cells the flux is 2 x 10-5 pmol/cm112 per s and for reticuilocytes about 1 x 10-3 pinol/c'm2 per s, although the latter value is approximate and depends onl the assuimption that reticulocytes and matuire cells have the same membrane area per tuinit volume. This assiumptioIn is only approximate since retictulocytes are more osmotically resistant than matture cells which in(licates a slightly greater surface area-to-volume ratio of' these more immatuire cells (3) . Whatever the exact valtues, it is clear that erythrocyte Ca21 permeability is many orders of magnitude less than for squiid axon, HeLa cells, or ascites tumor cells where fluix aluies about 0(.1 pmol/cm2 per s have been foOund (23) (24) (25) .
The concept of a "normal" cell Ca2+ -oncentration is imprecise since cell Ca2+ depends upon several factors such as ambient Ca2+ levels and the tumber of saline washes before dry ashing of erythrocytes. Previous stuidies have reported mean valuies for erythrocyte Ca21 of 16 and 15 nmol/ml cells (26, 27 (30) (31) (32) . Active K+ influix into reticuilocyterich cells is also increased above normial althouigh the stimuilation of' fluix is less than expected fromi the increment in pLump sites. This may be explained by the low normal or suibnormal concentrations of' Na' in the retictilocyte (6) .
Control of cytoplasmic Ca2+ concentration is an important function of all cell types. Low cytoplasmic Ca2+ concentrations rnay be achieved by acciunimulation of' this cation within organelles such as the sarcoplasmic reticuluim of muscle, the dense granuiles *of blood platelets, or mitochondria of variouis cells.`I'tc human erythrocyte lacks organelles and the low Ca' content of this cell is maintained by a calciuim pump which extrudes this ion from the cytoplasrn to the cell exterior (18) . This calcium pump is an ATPase, which is active at the micromolar Ca2+ concentrations normally present in human erythrocytes (33, 34) . Energy requirements by this calcium pump normnally are oniy a negligible fraction of ATP production from glycolysis.
The 43-fold decrease in Ca2+ permeability which occurs on maturation of'the retictilocyte thus effective v limits the energy needed by the mature cell for Ca+ homeostasis. Any failure by the mature cell to acquire this low Ca" permeability will lead to cell destruction, which is well illustrated bx the association of lhemolytic anemia with a congenital erythrocyte Ca2+ leak (35) .
